Background--It is uncertain whether sex and race affect thrombogenicity in patients with coronary artery disease. We evaluated the effects of sex and race on thrombogenicity in patients with coronary artery disease treated with aspirin.
Differences in platelet function, the response to antiplatelet therapy, and other factors affecting thrombosis may also contribute to clinical outcome disparities.
Sex-related differences in platelet reactivity have been reported, with women having more reactive platelets than men. [6] [7] [8] [9] Greater platelet reactivity in women has been demonstrated by higher platelet aggregation, both spontaneously and in response to various agonists, including ADP, collagen, epinephrine, and arachidonic acid. [6] [7] [8] [9] In addition, platelets from women have been shown to express more activated glycoprotein IIb/IIIa receptors. 10 The heightened platelet reactivity among women may explain the observations of a reduced response to aspirin when evaluated by pathways that are not directly related to cyclooxygenase 1 (eg, collagen-and ADP-induced aggregation). 7 Limited information is available about other measurements of thrombogenicity. Small studies from our group and others suggested that women have greater platelet-fibrin clot strength, when evaluated by thrombelastography (TEG). 11, 12 Effects of race on platelet reactivity and other thrombotic parameters have been less studied. Black participants have been shown to have higher markers of platelet activation than white participants, as assessed by flow cytometry, in the Atherosclerosis Risk in Communities (ARIC) population study. 13 Smaller studies reported that black participants and particularly, black women, had greater platelet-fibrin clot strength than white participants 11 and higher platelet reactivity during clopidogrel treatment. 14 In patients with CAD, however, the evidence in support of racial disparities in platelet function and other thrombogenicity parameters is quite limited. Given the lack of data, we aimed to evaluate the effects of sex and race on thrombogenicity in a large cohort of patients with CAD treated with aspirin.
Methods
The study cohort included 1172 patients who underwent elective cardiac catheterization and had blood samples taken for thrombogenicity evaluation. Data were gathered from studies performed at the Sinai Center for Thrombosis Research (Baltimore, Maryland). All patients in the study cohort had known or suspected CAD. Known CAD was defined as a previous percutaneous coronary intervention (PCI), previous coronary artery bypass grafting, or known coronary stenosis of at least 50% from a prior angiography. Indications for the index cardiac catheterization were stable anginal syndrome, acute coronary syndrome that did not require urgent catheterization, or a positive stress test or cardiac computed tomography. Patients with ST-segment elevation myocardial infarction were excluded because they frequently receive early treatment with anticoagulants, which may affect thrombogenicity tests. In addition, increased platelet reactivity typical of the acute ST-segment elevation myocardial infarction setting may affect thrombogenicity evaluation. All patients were treated with aspirin for at least 1 week prior to catheterization and received 325 mg aspirin on the day of the procedure. Clopidogrel treatment varied according to the study protocol; however, the majority of patients (79%) received clopidogrel and had thrombogenicity determined either on chronic clopidogrel treatment (n=614) or 18 to 24 hours after a clopidogrel loading dose of 300 to 600 mg (n=310). The current analysis was performed separately for samples taken while patients were not receiving clopidogrel treatment (clopidogrel na€ ıve, n=558) and during clopidogrel treatment (on clopidogrel, n=924). In 310 patients, blood samples were taken at 2 time points: before clopidogrel treatment and 18 to 24 hours after clopidogrel loading. These 310 patients are included in both clopidogrelna€ ıve and clopidogrel-treated analyses. Data for the current cohort were derived from the following studies: the Multi Analyte Genetic Markers of Atherosclerosis study (performed 2011-2013 All studies were approved by the institutional review board at Sinai Hospital of Baltimore. All patients meeting criteria for eligibility provided written informed consent prior to inclusion in the respective study.
In all studies, patients had baseline whole blood samples drawn prior to catheterization and before administration of parenteral antithrombotic therapy. In the 310 patients with baseline and postclopidogrel samples, the baseline sample was taken as described above, and the second sample was taken 18 to 24 hours after clopidogrel loading (with exclusion of patients receiving glycoprotein IIb/IIIa inhibitors). Patients were tested at resting conditions. After discarding the first 2 to 3 mL of free-flowing blood, samples were transferred to vacutainer blood-collecting tubes containing 45 United States Pharmacopeia lithium heparin and tubes containing 3.8% trisodium citrate (Becton-Dickinson). The vacutainer tube was filled to capacity and gently inverted 3 to 5 times to ensure complete mixing with the anticoagulant. Thrombogenicity assays were performed within 2 hours of blood collection.
Assessment of Thrombogenicity
Thrombelastography Platelet-fibrin clot strength and kinetics of the clotting process were determined by TEG (TEG 5000 Thrombelastograph Hemostasis Analyzer system; Haemonetics), as described previously. 18, 20 In the TEG assay, a stationary pin is suspended into an oscillating cup containing the whole blood sample. As the blood clots, fibrin strands produced during coagulation, stimulated by kaolin, link a rotating sample cup with a stationary pin suspended by a torsion wire. The torque of the rotating cup is transmitted to the immersed pin. Pin movement is converted to an electrical signal by a transducer and is interpreted by a computer to create a tracing. The degree of platelet contribution to the clot strength through platelet-fibrin binding directly influences the magnitude of pin movement and, ultimately, the amplitude of the tracing. Clot strength is determined by measuring the amplitude of the rotation of the pin, which increases proportionally with clot strength. Maximum amplitude (MA; millimeters) reflects maximum platelet-fibrin clot strength (MA KH ). Reaction time (R; minutes), a representative of the initiation phase of enzymatic clotting, is the time from the start of the sample run to the point of the first significant clot formation corresponding to an amplitude of a 2-mm reading on the TEG tracing. G (dyne/cm 2 ) is another representation of clot strength and is inclusive of both platelet and enzymatic contributions to clot strength. G is a computer-generated value calculated from MA KH as follows: G=(50009MA KH )/ (100ÀMA KH ). Coagulation index represents the overall coagulation. It is derived from the R; K, a measure of the speed to reach 20-mm clot strength from R; MA; and angle of native or kaolin-activated whole blood tracings. Angle is reflective of fibrinogen activity and is the size in degrees of the angle formed by the tangent line to TEG tracing measure at R (Figure 1 ).
Light transmittance aggregometry
Citrated blood samples were centrifuged at 120g for 5 minutes to recover platelet-rich plasma and were further centrifuged at 850g for 10 minutes to recover platelet-poor plasma. Platelet count was not normalized. Maximal platelet aggregation following stimulation with 5 and 20 lmol/L ADP, 10 lmol/L thrombin receptor activating peptide, and 4 lg/ mL collagen was assessed using a Chrono-log Lumi-Aggregometer (Model 490-4D) with the Aggrolink software package (Chrono-log), as described previously. 16, 17 Complete platelet aggregation data were available in 75% to 80% of patients depending on the agonist, whereas TEG data were available for all patients. 
Statistical Analysis

Results
Clinical Characteristics According to Sex and Race
The cohort comprised 694 men (59.2%) and 478 women (40.8%) ( Table 1) . Women were older; had greater body mass index; and, more frequently, had diabetes, hypertension, and treatment with a proton pump inhibitor. In addition, more women than men had nonsignificant CAD (13.6% versus 7.8%, P=0.001), and women less often had multivessel disease. Men more often had a family history of CAD and a history of coronary artery bypass grafting and were more often treated with an angiotensin-converting enzyme inhibitor or angiotensin receptor blocker. In addition, hemoglobin level was higher and platelet count was lower among men. The total cohort comprised 742 white participants (63.3%) and 430 black participants (36.7%) ( Table 1) . White participants more often had a history of smoking and familial history of CAD, whereas black participants more often had a previous myocardial infarction or stroke. Black participants were more often treated with clopidogrel, beta blockers, statins, angiotensin-converting enzyme inhibitors, or angiotensin receptor blockers, whereas white participants were more often treated with proton pump inhibitors. In addition, hemoglobin level was higher and creatinine was lower among white participants. 
Thrombogenicity According to Sex and Race
Women had significantly higher MA KH , G, and coagulation index than men, regardless of clopidogrel treatment status (Table 2) . Platelet aggregation in response to various agonists did not differ between sexes with or without clopidogrel treatment. Black patients had significantly higher MA KH both on and off clopidogrel treatment and higher G on clopidogrel treatment than did white patients. Platelet aggregation did not differ between races either with or without clopidogrel treatment (Table 2) .
Multivariate analysis of variance (for categorical scaled variables) and multiple linear regression analysis (for continuous variables) were performed to test the effects of various variables on MA KH for patients on and off clopidogrel (Tables 3 and 4 ). In both clopidogrel-na€ ıve and clopidogreltreated patients, sex and diabetes were strongly associated with MA KH levels (P<0.0001). Race and hypertension were also significantly associated with MA KH , although the association was weaker (P=0.02 to 0.04). Treatment with calcium blockers was associated with MA KH in clopidogrel-na€ ıve patients, and treatment with beta blockers was associated with MA KH in clopidogrel-treated patients (Table 3 ). In the linear regression analysis, platelet count and hemoglobin level and, to a lesser extent, white blood cells were all significantly associated with MA KH in clopidogrel-na€ ıve and clopidogrel-treated patients (P=0.02 for white blood cells, and P<0.0001 for platelets and hemoglobin) ( Table 4) . To further analyze the effects of sex and race on thrombogenicity, we divided the total cohort into 4 subgroups: white men (n=439), black men (n=255), white women (n=303), and black women (n=175). Black women had higher platelet-fibrin clot strength (MA KH ) than the other groups, regardless of clopidogrel treatment status (Figure 2 Figure 3B) . A multiple logistic regression analysis was performed to examine the factors related to MA KH as a categorical variable (with ≥72-mm threshold) ( Table 5 ). Nine variables were included in the logistic regression model based on the results presented in Tables 3 and 4 : sex, race, diabetes, hypertension, beta blockers, calcium blockers, platelets, hemoglobin, and white blood cells. For clopidogrel-na€ ıve patients, sex (P=0.05), diabetes (P=0.01), treatment with calcium blockers (P=0.04) and platelet count (P=0.001) were related to MA KH ; women and patients with diabetes and higher platelet counts were more likely to have MA KH ≥72 mm. For clopidogreltreated patients, sex (P=0.03), diabetes (P=0.03), treatment with beta blockers (P=0.02), and platelet count (P=0.0001) were all associated with MA KH ≥72 mm (Table 5 ). Race and other factors entered into the model were not associated with MA KH ≥72 mm either on or off clopidogrel treatment.
Discussion
To our knowledge, this is the largest study assessing the effects of sex and race on thrombogenicity determined by TEG and platelet aggregation in patients with very high prevalence of CAD. The main findings of our study were that sex was strongly associated with platelet-fibrin clot strength, with women having higher MA KH levels than men, but sex was not associated with platelet aggregation. Race was also significantly associated with platelet-fibrin clot strength, with black participants having higher MA KH levels than white participants, but was not associated with platelet aggregation. Black women appear to have the highest platelet-fibrin clot strength among the various sex and race subgroups examined. The greater platelet-fibrin clot strength and other TEGderived parameters indicating high thrombogenicity in women in our study confirm previous smaller reports. 11, 12 Unexpectedly, and contrary to some of the previous studies, 6-9,22 we did not find significant differences in platelet aggregation between women and men. The differences between the studies may be related to different concentrations of agonists used, different methodologies to determine platelet aggregation, and other Analyses performed by multivariate analysis of variance. ACE indicates angiotensin-converting enzyme; ARB, angiotensin II receptor blocker; CABG, coronary artery bypass grafting; CAD, coronary artery disease; MI, myocardial infarction; PAD, peripheral arterial disease; PCI, percutaneous coronary intervention; PPI, proton pump inhibitor. *At least 1 coronary artery with ≥50% stenosis according to current angiogram. † Creatinine ≥1.5 mg/dL. confounding factors such as treatment with clopidogrel in the majority of patients in our study. Prior studies that have detected differences in platelet aggregation between the sexes generally used lower agonist concentrations than we did, 7, 9 frequently used whole blood platelet aggregation 7, 8 or a laser light-scattering method, 9 and evaluated volunteers 8, 9 or healthy subjects before and after aspirin therapy. 7 Despite the lack of differences in platelet aggregation, our study reinforces the concept of elevated thrombogenicity in women, as demonstrated by increased platelet-fibrin clot strength and coagulation index in addition to increased expression of platelet activation markers shown in previous studies. 10 The mechanism of sex-based differences in thrombogenicity has been reported to be influenced by sex hormones. Megakaryocytes and platelets have been shown to express the estrogen receptor beta and androgen receptor. 23 Furthermore, estradiol exerted inhibitory effects on platelet activation, through the activation of platelet nitric oxide synthase, and via enhancement of nitric oxide synthesis and release from endothelial cells. 24, 25 Estrogen has also been shown to affect the coagulation and fibrinolysis pathways. Estrogen therapy has been associated with decreased levels of fibrinogen; however, estrogen has also been associated with a reduction in plasma concentrations of the anticoagulant proteins antithrombin III and protein S and the antifibrinolytic protein plasminogen-activator inhibitor type 1, a net effect that increases prothrombotic tendency. 26 Another mechanism possibly mediating the sex-based differences in thrombogenicity are genetic polymorphisms in platelet glycoproteins, 27, 28 although less is known about the exact association of these polymorphisms with sex-based differences in platelet biology.
There is limited information about the independent effects of race on platelet function and other thrombotic parameters. In a large cohort of asymptomatic subjects reported by Farday et al, baseline platelet aggregation and antiplatelet response to aspirin appeared to be similar in white and black participants. 29 However, the ARIC study demonstrated higher values of platelet activation markers among black subjects. 13 Furthermore, black patients undergoing PCI appear to have a higher prevalence of high-ontreatment platelet reactivity and reduced response to clopidogrel 14 that may be a result of higher cytochrome (CYP) 2C19*2 allele carriage compared with white patients. 14, 30 In our study, platelet aggregation did not differ between races at baseline or during clopidogrel treatment. Differences in the methodologies for assessment of platelet reactivity during clopidogrel treatment and in the timing of blood samples may explain the discordant findings from previous studies. 14 Significant differences, however, were observed in MA KH between the races, with black patients exhibiting higher platelet-fibrin clot strength than white patients. Although race was significantly associated with MA KH levels, the association was not as strong as the effect of sex and diabetes on MA KH. Several other factors apart from sex and race, such as diabetes, platelet count, and hemoglobin level, were independently associated with platelet-fibrin clot strength (MA KH ) in our study. These findings are consistent with previous studies that have reported higher thrombogenicity parameters in patients with diabetes, higher platelet count, and reduced hematocrit level. [31] [32] [33] [34] Diabetes has been shown to be strongly associated with increased coagulability, as assessed by rotational TEG, 31 and with platelet hyperreactivity. 32 Both hematocrit and platelet count have been shown to influence TEG-derived parameters including MA. 33, 34 The current study has important implications. TEG-derived parameters, such as platelet-fibrin-mediated clot strength, have been correlated with adverse ischemic events in patients with CAD. 11, 21 Specifically, increased platelet-fibrin clot strength and rapid fibrin formation have been reported to be independent predictors of ischemic event occurrence after PCI. 11, 21 Thus the differences in MA KH between sexes, and especially increased MA KH among black women, identify a potentially high-risk group for thrombotic event occurrence. Previous large-scale reports have shown that women (compared with men) and black patients (compared with white patients) generally have higher risk of cardiovascular events. 1, 2 In addition, women and black patients have an increased risk of adverse ischemic events after coronary intervention, 35, 36 although the sex-based disparity of post-PCI outcomes has narrowed in the drug-eluting stent era. 36 Despite the abundance of sex-and race-related outcome data, only a few studies have focused on the specific risk profile of black women. We have previously reported that this group of patients was at increased risk of ischemic events following PCI, 11 but further research is required to characterize and identify the underlying causes, including potential genetic and epigenetic variables, of their higher thrombotic risk.
Our study has several limitations. First, the data were gathered from 5 different studies, and although the platelet reactivity and TEG-based parameters were assessed in an identical manner in all studies, the different study designs can introduce biases. The main difference between the studies is in the timing of blood samples in clopidogrel-treated patients (chronic treatment versus 18 to 24 hours after loading), which may affect platelet-reactivity measurements; however, the main end point of the study, platelet-fibrin clot strength (MA KH ), has been shown to be unaffected by clopidogrel treatment. 21 Second, full platelet-aggregation data in response to all agonists were not available for all patients in the cohort (only 75% to 80% of the patients), possibly limiting the strength of the platelet-aggregation analysis. Third, all of the studies of this cohort were performed at a single center. Although the total cohort is large, it reflects the demographics of a specific region in the United States. Finally, there were many significant imbalances between the sex-and race-based subgroups. Although we attempted to control for all confounding demographic and laboratory factors with multivariate analyses, it is still possible that additional factors may have contributed to the differences in platelet-fibrin clot strength observed between sexes and between the sex-race subgroups.
In conclusion, from this large cohort of patients with CAD treated with oral antiplatelet therapy, sex and, to a lesser extent, race are significantly associated with platelet-fibrin clot strength. Black women with CAD appear to have the greatest thrombogenicity, potentially conferring a high-risk phenotype for thrombotic event occurrence.
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